Objective. To identify risk alleles relevant to the causal and biologic mechanisms of antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV).
Methods. A genome-wide association study and subsequent replication study were conducted in a total cohort of 1,986 cases of AAV (patients with granulomatosis with polyangiitis [Wegener's] [GPA] or microscopic polyangiitis [MPA] ) and 4,723 healthy controls. Meta-analysis of these data sets and functional annotation of identified risk loci were performed, and candidate disease variants with unknown functional effects were investigated for their impact on gene expression and/or protein function.
Results. Among the genome-wide significant associations identified, the largest effect on risk of AAV came from the single-nucleotide polymorphism variants rs141530233 and rs1042169 at the HLA-DPB1 locus (odds ratio [OR] 2.99 and OR 2.82, respectively) which, together with a third variant, rs386699872, constitute a triallelic risk haplotype associated with reduced expression of the HLA-DPB1 gene and HLA-DP protein in B cells and monocytes and with increased frequency of complementary proteinase 3 (PR3)-reactive T cells relative to that in carriers of the protective haplotype. Significant associations were also observed at the SERPINA1 and PTPN22 loci, the peak signals arising from functionally relevant missense variants, and at PRTN3, in which the top-scoring variant correlated with increased PRTN3 expression in neutrophils. Effects of individual loci on AAV risk differed between patients with GPA and those with MPA or between patients with PR3-ANCAs and those with myeloperoxidase-ANCAs, but the collective population attributable fraction for these variants was substantive, at 77%.
Conclusion. This study reveals the association of susceptibility to GPA and MPA with functional gene variants that explain much of the genetic etiology of AAV, could influence and possibly be predictors of the clinical presentation, and appear to alter immune cell proteins and responses likely to be key factors in the pathogenesis of AAV.
Granulomatosis with polyangiitis (Wegener's) (GPA) and microscopic polyangiitis (MPA) are lifethreatening necrotizing vasculitides that are strongly associated with the presence of antineutrophil cytoplasmic antibodies (ANCAs) reactive to proteinase 3 (PR3) or myeloperoxidase (MPO). Although often considered a single disease, GPA and MPA diverge in important respects, such as in the extent of their association with PR3-reactive ANCAs compared to MPO-reactive ANCAs, the risk of relapsing disease, and the association of GPA with granulomatous inflammation. The etiology of AAV remains unknown; however, genome-wide association studies (GWAS) performed in a North American GPA cohort and a European GPA/MPA cohort confirmed the findings from candidate gene analyses identifying strong associations of these diseases with major histocompatibility complex (MHC) class II region alleles (1, 2) . A genome-wide significant association at the SERPINA1 locus was also identified in the European cohort study, with both this and several associations with MHC alleles being differentially detected between patient subsets defined by the presence of PR3-ANCAs or MPO-ANCAs (2) .
These findings have not yet been replicated, and knowledge remains rudimentary regarding the non-MHC loci and specific disease-causal variants predisposing to GPA and/or to MPA. Therefore, we sought to further define the genetic variation underpinning the susceptibility to GPA and MPA by conducting a new GWAS and a validation study of a larger, independently ascertained North American-based cohort of GPA/MPA patients and healthy controls, involving functional annotation of the risk loci to identify candidate disease-causal alleles.
PATIENTS AND METHODS
Subjects. All study subjects were of self-reported European ancestry, with the diagnosis of AAV, and specifically of GPA or MPA, being based on the American College of Rheumatology modified criteria for the classification of vasculitis (3). The discovery cohort included the following subjects: 779 AAV cases recruited via 13 (4, 5) . The replication cohort included 505 AAV cases and 1,477 healthy controls recruited independently from Canada and the US via a Toronto-based AAV study, and 114 independent cases recruited via the VCRC. Demographic data and samples of peripheral blood cells and/or saliva were obtained from all subjects after their provision of written informed consent. The local institutional review boards approved the study.
Genotyping methods. For the GWAS, 1,615 AAV cases and 202 healthy controls were genotyped at the Mount Sinai Hospital Clinical Genomics Centre, and 3,121 historic controls were genotyped at Affymetrix (Santa Cruz, CA) using the Axiom Biobank 1 Genotyping array. This array tests 628,679 single-nucleotide polymorphisms (SNPs), including 246,000 genome-wide association markers (36.5%), 265,000 nonsynonymous coding SNPs (39.3%), 70,000 loss-of-function SNPs (10.4%), 23,000 expression quantitative trait loci (eQTL) SNPs (3.4%), 2,000 pharmacogenetic markers (0.3%), and 27,679 "custom" markers. Genotypes were called and processed using Affymetrix Genotyping Console version 4.2 and SNPolisher software. Quality control filtering was performed using Golden Helix SVS software (version 8.3.4) and with a genotype call rate of .95%, individual sample call rate of .97%, and exclusion of SNPs with a Hardy-Weinberg equilibrium (HWE) P value of ,10
25
. After filtering, genotypes derived from SNP markers common to both data sets were merged in a single file containing 1,528 cases, 3,309 controls, and 333,040 SNPs. A set of linkage disequilibrium (LD)-pruned SNPs with a minor allele frequency (MAF) of .5% was used to estimate identity by descent (ibd) and ancestry. For each pair of individuals with an estimated ibd of .0.25, the sample with the lower call rate was removed. Principal components analysis was used to exclude samples from subjects with non-European ancestry (6) . In total, 1,371 cases, 3,258 controls, and 333,035 SNPs passed quality control filters (see Supplementary Figure 1 , available on the Arthritis & Rheumatology web site at http://onlinelibrary.wiley.com/doi/10.1002/ art.40034/abstract).
For the replication study, 8 SNPs in 6 gene loci were genotyped in 619 AAV cases and 1,477 controls using Sequenom iPLEX assays. One other SNP (rs62132293) at the PRTN3 locus was genotyped using TaqMan (Applied Biosystems). After quality control filtering, 615 cases, 1,465 controls, and 9 SNPs were retained for analysis. For the replication study of the patients with MPO-ANCAs/perinuclear ANCAs (designated herein as MPO-ANCAs), 3 additional SNPs (rs3998159, rs7454108, and rs1049072) at the HLA-DQA2 and DQB1 loci were genotyped on the same platform. The GWAS and replication data sets were then combined for meta-analysis.
Statistical analysis. Association tests and metaanalyses. For the discovery data set, case-control association tests were conducted using logistic regression, with the principal components differing between cases and controls included as covariates, to adjust for population stratification. Calculation of the genomic control factor using EigenStrat showed a minimal inflation value of 1.012 and 0.991 before and after adjustment for the top 3 eigenvectors, respectively (see Supplementary Figure 2 , http://onlinelibrary.wiley.com/doi/10.1002/art.40034/abstract). An analysis of all of the nonzero eigenvalues established that 221,341 independent tests were conducted from 280,677 autosomal markers, which, with Bonferroni correction, established the P value for genome-wide significance as ,2.2 3 10
27
. Meta-analysis of the data from the GWAS and replication logistic regression analyses was conducted using the basic meta-analysis function in Plink version 1.9 (6, 7) . Differences between patients with GPA and patients with MPA and between patients with PR3-ANCAs/cytoplasmic ANCAs (designated herein as PR3-ANCAs) and those with MPO-ANCAs were studied using this approach. Between-study heterogeneity was tested by the chi-square-based Cochrane's Q statistic. Heritability was estimated using genome-wide complex trait analysis, as described by Lee et al (8) , and assuming an AAV prevalence of 1/10,000. Prior to this analysis, we excluded sex chromosome data, SNPs with MAFs of ,0.05 and missing rates of .0.01, individuals whose missing SNP rates were .0.01, SNPs with an HWE P value of ,0.05, or markers with a significant difference in missingness between cases and controls.
Imputation. Genome-wide imputation for the 4,629 samples in the discovery cohort was performed using 1000 Genomes Project Phase 3 data as the reference (release date October 2014) for the autosomes, and Phase 1 data (release date August 2012) as the reference for the X chromosome. Following removal of SNPs with call rates of ,95%, MAFs of ,0.001, and HWE P values of ,10 25 , SHAPEIT (http://shapeit.v2.r790. Ubuntu_12.04.4.static) was used to derive phased genotypes, and the phased data were imputed using IMPUTE version 2 (http:// impute_v2.3.2_x86_64_static) to assess ;5-Mb nonoverlapping intervals (9) . Imputation within defined regions was performed using IMPUTE version 2 without prephasing.
Conditional analysis. To test for multiple independent effects within the HLA region, a logistic regression framework was used to assess individual HLA alleles for association, including the top 3 principal components as covariates to account for population stratification. After we had identified the most significant marker, we tested for additional independent effects by including the dose of the top markers in a joint model. Conditional analysis was performed using the proc logistic module of SAS (version 9.2) to obtain odds ratios (ORs) when all top markers were jointly analyzed.
Population attributable fraction (PAF). The PAF was estimated using ORs from a multivariate logistic regression model incorporating SNPs from multiple loci, so that each OR is adjusted for the effects of the other SNPs. The PAF for effects from an allele at a single locus was determined as follows:
where OR is the odds ratio associated with the allele genotype, and RAF is the allele frequency of the risk variant. For computation over multiple loci, the following formula was used:
Random forest analysis. The potential role of combinations of alleles in the risk of AAV was evaluated by random forest analysis using classification and regression tree (CART) methodology (10) . Data from 11 risk-associated variants were subjected to analyses in which CARTs were repetitively built using two-thirds of the samples and variables. The CARTs were then used to classify the remaining one-third of the data. Eight variants that improved the model fit by $3% were retained to build a CART. The rpart program in R and the Gini index measure were used to identify optimal splits of the data, with the complexity parameter set to 0.001 and the data then pruned to include only those nodes containing at least 20 observations. This final model had a classification accuracy of 73%. ORs were calculated with the following formula: OR 5 cases in node i=controls in node i cases in node 1=controls in node 1
The Woolf approximation was used to compute standard errors and confidence intervals.
Functional annotation. The online Probabilistic Identification of Causal SNPs (PICS) algorithm (http://www.broad institute.org/pubs/finemapping/?q5pics) was used to identify variants at each risk locus with a PICS probability of .0.0275, consistent with that used by Farh et al (11) . We then used the Ensembl Variant Effect Predictor web tool to annotate these variants for predicted functional consequences (http://www.ensembl.org/info/ docs/tools/vep/index.html) and used Genevar (12), seeQTL (http:// www.bios.unc.edu/research/genomic_software/seeQTL/) (13) , and the University of Chicago eQTL browser (http://eqtl.uchicago.edu/ cgi-bin/gbrowse/eqtl/) to identify eQTLs.
Cellular assays. Peripheral blood mononuclear cells (PBMCs) and polymorphonuclear leukocytes (obtained from patients at Mount Sinai Hospital) were isolated over FicollHypaque. For quantitative polymerase chain reaction (qPCR), RNA (500 ng) was reverse transcribed using random hexamer primers and SuperScript III reverse transcriptase (Invitrogen), and qPCR was performed using SYBR Green and the geneappropriate primer pairs (listed in Supplementary Table 2 , http://onlinelibrary.wiley.com/doi/10.1002/art.40034/abstract). Samples were run on an ABI Prism 7900HT system (Applied Biosystems), and the fold change in expression of the specific gene relative to the internal control gene (COX5B for PRTN3; GAPDH for HLA-DPB1) was calculated using the 2 2DDCt method (14) .
For flow cytometry, PMBCs were stained with phycoerythrin-conjugated anti-CD19 antibodies, allophycocyaninCy7-conjugated anti-CD14 antibodies (BD Biosciences), and/or fluorescein isothiocyanate (FITC)-conjugated HLA-DP antibodies (Leinco) or FITC-conjugated murine IgG (BD Biosciences). The cells were then analyzed using a FACSCanto cytometer (BD Biosciences) and FlowJo software.
For ELISpot experiments, 20-mer peptides, which were selected using published data or the NetMHCII version 2.2 prediction algorithm (http://www.cbs.dtu.dk), were synthesized and purified by the manufacturer (Genscript) (for details, see Supplementary ) from PR3-ANCA-positive vasculitis patients and healthy controls were suspended in 20% fetal bovine serum-supplemented RPMI and incubated in 96-well ELISpot plates (Millipore) precoated with an anti-human interferon-g (IFNg) monoclonal antibody (eBioscience). Cells were stimulated for 24 hours at 378C with 10 mg/ml peptide or 1 mg/ml concanavalin A (Sigma) and incubated with a biotinylated mouse anti-human IFNg antibody (eBioscience), avidin-horseradish peroxidase (eBioscience), and aminoethylcarbazole solution (BD ELISpot), and an ImmunoSpot reader and software (Cellular Technology) were used to detect IFNg-releasing cells.
RESULTS
GPA/MPA susceptibility loci. After filtering and correction for population substructure, our GWAS discovery data set included 333,035 SNPs genotyped in 1,371 subject with AAV (GPA or MPA) and 3,258 healthy controls, with no evidence of inflation of the test statistic (l GC Because all of the associations tested were replicated (at a threshold of P # 0.05), the GWAS and replication data sets were combined for a meta-analysis, and the 9 associations were also explored in patient subgroups defined by GPA or MPA phenotypes or by ANCA specificities and/or immunofluorescence patterns (PR3-ANCAs or MPO-ANCAs).
Results of the meta-analysis confirmed the MHC class II region as the locus most strongly associated with AAV susceptibility (Table 1 ). The peak association signals arose from 2 HLA-DPB1 gene variants, rs141530233 (P 5 1.13 3 10
289
) and rs1042169 (P 5 1.12 3 10 284 ), with other significant associations observed in the HLA-DPA1Ḑ QA1, and DQB1 genes ( . Associations with DPA1 and DPB1 remained strong in the GPA and PR3-ANCA subgroups, but not in the MPA or MPO-ANCA subgroups. Conversely, the DQB1 association was much stronger in patients with MPO-ANCAs compared to those with PR3-ANCAs ( Table 2 ). In view of this divergence, a GWAS, replication analysis, and meta-analysis were also performed de novo to compare patients with either PR3-ANCAs or MPO-ANCAs to healthy controls. These analyses revealed significant associations of the MPO-ANCA phenotype with the variants rs3998159 (P 5 5.24 3 10 225 ) and rs7454108 (P 5 5.03 3 10
225
) at the HLA-DQA2 locus (Table 3) . Neither this association nor any other significant associations beyond those detected in the AAV total cohort GWAS were detected in the subset GWAS analysis of PR3-ANCA-positive AAV cases and healthy controls (results available in Supplementary Tables 5 and 6 , http:// onlinelibrary.wiley.com/doi/10.1002/art.40034/abstract).
Among the non-MHC associations identified in the total AAV GWAS, the strongest signal arose from a SNP (rs28929474) in the SERPINA1 gene (P 5 3.09 3 10
212
) encoding an a1 anti-trypsin null ("Z") allele that was previously implicated in GPA by candidate gene analysis ( (15) . This association was limited to the GPA and PR3-ANCA subsets (Table  2 ) and is consistent with prior GWAS data showing that a significant association with another SERPINA1 SNP, rs7151526, depended entirely on the concomitant presence of the Z allele (2) . A significant association of AAV with rs62132293, a SNP located 2.6 kb upstream of the PRTN3 transcription start site, was also observed (P 5 8.60 3 10 211 ); this finding is in keeping with previously observed associations at this locus (albeit with different SNPs) in AAV candidate gene and GWAS analyses (Table 1 (2, 16) . This association was limited to the GPA and PR3-ANCA subsets (Table 2) , consistent with the pathophysiologic relevance of the PRTN3-encoded PR3 serine protease to these phenotypes (17) .
Significant associations with AAV were observed at the PTPN22 rs6679677 and rs2476601 loci (P 5 1.88 3 10 28 and P 5 1.86 3 10
27
, respectively) ( (18, 19) . Although not consistently observed in candidate gene studies (20, 21) , the association of rs2476601 with GPA/MPA is strongly supported by our data, and unlike most of the other significant associations observed, this allele's strength of association did not differ between the subgroups ( Table 2) .
The discovery GWAS of either the entire cohort or the PR3-ANCA subgroup revealed no reliable associations at the SEMA6A gene locus, possibly because those analyses involved a different case-control cohort. In the current discovery GWAS, there were 189 SNPs identified in the 1-MB region around SEMA6A, of which the most significant variant, rs12521259, was located ;100 kb upstream of SEMA6A (P for association 5 9.11 3 10 23 in the full cohort and P 5 4.87 3 10 23 in the PR3-ANCA subgroup). Analyses of the associations in patient subgroups defined by the presence or absence of lung or kidney disease revealed a modest association with AAV risk at the HLA-DPA1 locus in patients with kidney involvement (P 5 8.15 3 10
23
), whereas no significant subgroup differences were apparent at the other risk loci (results in Supplementary Table 7 , http://onlinelibrary.wiley.com/doi/10. 1002/art.40034/abstract). Modest associations with HLA-DPB1 and HLA-DPA1 were observed but restricted to the patients with ANCA-positive AAV; this finding may be a reflection of the relatively low numbers of ANCA-negative cases analyzed.
Contribution of risk alleles jointly to disease susceptibility. As the strongest associations in all subgroups were with MHC gene SNPs, independence of the individual allele associations was explored by forward logistic regression selection analysis. Beginning with the most significant SNP identified in the total cohort or in the PR3-ANCA or MPO-ANCA subgroups, additional significant variants were incorporated into the analysis until no variants significant at the P , 5 3 10 28 level remained. This analysis revealed that variants in several of the class II genes studied in each group were jointly significantly associated with AAV risk (results in Supplementary Table 8, http://onlinelibrary. wiley.com/doi/10.1002/art.40034/abstract).
These analyses showed that the array heritability of AAV was a mean 6 SD 0.2197 6 0.0204, while in analyses with the HLA region removed, the array heritability was 0.138 6 0.022. The PAF for the risk loci to disease was also assessed, and the collective contribution of these loci to risk of AAV was found to be substantive (PAF of 77%), albeit variable (PAFs between 30% and 87%) across different the subgroups ( Table 4) .
The extent to which the risk variants/variant combinations might be predictive of disease was also evaluated using random forest and CART methods. These analyses confirmed the strong association of HLA class II alleles with AAV risk (details in Supplementary Figure 5 , http:// onlinelibrary.wiley.com/doi/10.1002/art.40034/abstract). Furthermore, homozygosity for the relatively common DPB1 risk allele rs141530233 and DPA1 risk allele rs9277341, together with homozygosity or heterozygosity for the rare SERPINA1 risk variant rs2829474, identified a subgroup of individuals with an OR of .10 for developing AAV.
For HLA alleles, no subsets were defined by heterozygotes, and further modeling comparing the goodness-offit of additive, dominant, and recessive models showed that the risk imbued by the HLA-DPB1, DPA1, and DQA1 disease-associated variants is recessively inherited, i.e., conferred by carriage of the common homozygous genotypes (see Supplementary Table 9 , http://onlinelibrary.wiley.com/ doi/10.1002/art.40034/abstract). Associations of the homozygous risk genotypes with AAV were as follows: OR of 3.58 for rs141530233, OR of 2.69 for rs9277341, and OR of 1.80 for rs352425282. Similar results were found for the subgroups defined by carriage of PR3-ANCAs or MPOANCAs, with recessive models fitting best. These observations suggest a potential for genetic data to inform the distinction of patient subsets within the AAV population and identify an unusual recessive effect for the HLA region loci studied.
Disease-associated PRTN3 polymorphism identified as a novel eQTL. To identify candidate causal variants, additional genotypes were imputed and the PICS algorithm was applied across each risk locus (11) . Although peak association signals at a few loci were stronger for imputed SNPs than for observed SNPs (details in Supplementary Table 10, http://onlinelibrary.wiley.com/doi/10.1002/art.40034/abstract), among all variants with a PICS probability of .0.0275, the Table 2 . Table 11 , http://onlinelibrary.wiley.com/doi/10. 1002/art.40034/abstract). PICS values were particularly high for the index SNPs at the HLA-DPB1, SERPINA1, and PTPN22 loci, all of which are functional missense variants (15, 22, 23) . The candidate causal variants at the other HLA gene loci were either synonymous, intronic, or upstream gene variants, but the majority of these noncoding variants, and even several HLA-DPB1 coding variants, have been annotated as eQTLs that influence gene expression in immune cell lineages (24) . None of the candidate variants at the PRTN3 locus were coding or reported eQTL SNPs. Increases in PRTN3 expression levels have, however, been observed in neutrophils from patients with AAV and implicated in the pathogenicity of AAV (17, 25) . Because knowledge of neutrophilspecific eQTLs remains limited, we evaluated the lead SNP at this locus (rs62132293) for allelic effects on PRTN3 expression in neutrophils. Results of qPCR analyses revealed cellular PRTN3 transcript levels to be significantly higher in those homozygous for the risk (G) allele than in donors with CC or CG genotypes (Figure 1) . These results identify the rs62132293 SNP as an eQTL for PRTN3 and suggest that the causal variant at this locus engenders risk by its association with increased PRTN3 expression.
FUNCTIONAL GENE VARIANTS ASSOCIATED WITH AAV RISK
Association of the rs141530233 risk variant with altered HLA-DPB1 expression and T cell responses. Among the candidate causal variants, the HLA-DPB1 rs141530233 and rs1042169 SNPs had the largest effects on risk, with respective ORs of 2.99 and 2.82 in the primary cohort and respective ORs of 6.19 and 6.09 in the PR3-ANCA subset (Tables 1 and 2 ). These SNPs are, respectively, insertion/deletion (-/A) and missense (G/A) polymorphisms that map only 2 basepairs apart in exon 2 of the HLA-DPB1 gene, with their risk alleles in complete LD in the control cohort and the reference 1000 Genomes Project data sets. In the latter population, these alleles correlate perfectly with another insertion/deletion polymorphic variant, rs386699872 CA/G, 3 basepairs downstream of rs141530233, suggesting that these variants comprise a triallelic risk and nonrisk HLA-DPB1 haplotype (see Supplementary Figure 6 , http://onlinelibrary.wiley.com/doi/10.1002/ * Population risk estimates included the risk allele frequency (RAF), odds ratio (OR), and population attributable fraction (PAF) calculated in the overall combined cohort of patients with antineutrophil cytoplasmic autoantibody (ANCA)-associated vasculitis (AAV), in the clinical subgroups of patients with granulomatosis with polyangiitis (Wegener's) (GPA) and those with microscopic polyangiitis (MPA), and in the serologically defined subgroups of patients with proteinase 3 (PR3)-cytoplasmic ANCAs (cANCAs) and those with myeloperoxidase (MPO) perinuclear ANCAs. SNPs 5 single-nucleotide polymorphisms; MHC 5 major histocompatibility complex. Figure 1 . Association between the antineutrophil cytoplasmic autoantibody-associated vasculitis variant rs62132293 and increased expression of PRTN3. Levels of mRNA for PRTN3 were measured using quantititative polymerase chain reaction amplification of cDNA from peripheral blood polymorphonuclear leukocytes obtained from healthy donors with the rs62132293 CC genotype (n 5 7), rs62132293 CG genotype (n 5 9), or rs62132293 GG genotype (n 5 6). PRTN3 expression levels, relative to the values for the calibrator reference gene COX5B, are presented as box plots, in which the boxes represent the 25th to 75th percentiles, the horizontal line within the boxes indicates the median, and the bars outside the boxes indicate the lowest and highest values. Data are representative of 3 independent experiments. P values were determined by unpaired t-test.
art.40034/abstract). To confirm the haplotypic relatedness of the 3 variants, we sequenced this region in 100 study subjects who were homozygous for the rs141530233 and rs1042169 markers. Our findings confirmed the organization of the 3 variants in 2 haplotype blocks (as shown in Supplementary  Figure 6 ), which is consistent with the findings in prior studies of a dimorphic polymorphism (GGPM versus DEAV) at the corresponding amino acid positions 84-87 of the HLA-DPB chain (22, 26, 27) . Effects of the rs141530233 SNP on gene expression have not been reported, but the linked missense rs1042169 G/A SNP has been catalogued as an eQTL, with presence of the homozygous GG genotype being correlated with increased expression of HLA-DPB1 in PBMCs (24) . These variants are in LD with a SNP variant (rs9277534) in the downstream HLA-DPB1 3 0 -untranslated region, for which the homozygous genotype is associated with lower levels of HLA-DPB1 and HLA-DP expression in immune cells compared to those in subjects with the alternate homozygous genotype (28, 29) . We therefore assessed the relationship between the triallelic AAV risk haplotype and HLA-DPB1/HLA-DP expression using PBMCs from healthy subjects carrying either risk or protective rs1042169 alleles. Results of qPCR analysis revealed HLA-DPB1 messenger RNA levels to be significantly lower in rs1042169 GG risk allele homozygotes than in subjects with the AA or GA genotypes (Figure 2A) .
Furthermore, flow cytometric analyses revealed significantly lower HLA-DP expression on CD191 B cells and CD141 monocytes from donors with the GG risk allele than on cells from donors with the GA or AA genotype ( Figures 2B and C) . Thus, the triallelic risk haplotype defined by the rs1042169 G variant is associated with reduced HLA-DPB1 transcript levels and HLA-DP surface expression in immune cells.
The finding that a triallelic haplotype was correlated with reduced expression of HLA-DPB1/HLA-DP and encoded a putative functionally important HLA-DP polymorphism that is highly associated with risk of AAV, and particularly PR3-ANCA vasculitis, strongly suggests that this genetic variation influences HLA-DP-modulated immune responses that could be relevant to susceptibility.
Because T cells that respond to PR3 protein or peptides have been identified in patients with PR3-ANCA-positive AAV, and because the frequency of T cells responding to a "complementary" peptide encoding anti-sense PR3 codons (cPR3) has been correlated with the presence and activity of disease (30-35), we stimulated PBMCs from patients carrying rs1042169 G and/or A alleles with putatively immunogenic cPR3 and PR3 peptides and used an IFNg ELISpot assay to identify responding T cells. Whereas the PR3 peptides elicited either no response or minimal responses (data not shown), the cPR3 peptide, in most patients, evoked clear reactivity that was completely absent in cells stimulated with an irrelevant (OXY) peptide ( Figure 2D ) and in cells from healthy controls (data not shown). Frequencies of IFNg-producing cells differed strikingly among patients FUNCTIONAL GENE VARIANTS ASSOCIATED WITH AAV RISKaccording to their rs1042169 allele status, with the numbers of responding T cells being significantly higher (P , 0.02) in risk allele homozygotes than in individuals having 1 or 2 copies of the protective A allele, and significantly higher in risk allele homozygotes following stimulation with cPR3 compared to stimulation with OXY (P , 0.0064). These findings are consistent with the presence of cPR3-reactive T cells in PR3-ANCApositive vasculitis patients and suggest the possibility that the altered HLA-DP expression, and possibly function, associated with the HLA-DPB1 homozygous risk haplotype is correlated with increased numbers of autoreactive cells.
DISCUSSION
This study identifies MHC and non-MHC gene variants that are associated with GPA/MPA susceptibility and with altered gene expression and/or function of proteins integral to immune responses. Our data reveal that the largest effect on risk emanates from a triallelic HLA-DPB1 haplotype underpinning a previously reported HLA-DPB amino acid polymorphism across positions 84-87 (22) (23) (24) (25) (26) (27) . Our data also support major roles for the PRTN3, SERPINA1, and PTPN22 genes in AAV susceptibility, providing the first evidence of a genome-wide significant association with the PTPN22 rs2476601 functional variant, and identifying a correlation of the top-scoring variant at SERPINA1 as a null allele and at PRTN3 as an eQTL allele with increased PRTN3 expression in neutrophils. Results of the CART analysis revealed the potential for these functional variants to be used to identify population subsets of individuals who would be at highly elevated risk of developing GPA or MPA, as indicated by the observed collective PAF of 77%. The estimated array heritability of 21% is comparable to previous estimates of the heritability of inflammatory bowel disease (36) .
Among the MHC associations, the HLA-DPB1 risk haplotype alleles appear particularly significant, having a very strong effect on risk and underpinning a b-chain polymorphism in the HLA-DP antigen-binding pocket that modulates the protein's peptide-binding properties and possibly its effects on T cell allorecognition (22) . The physiologic significance of this haplotype can also be inferred on the basis of our data linking these risk alleles to decreased expression of HLA-DPB1 and HLA-DP and an increased frequency of cPR3 peptide-reactive T cells in patients with anti-PR3 autoantibodies. Although understanding of the autoantigenic epitopes driving T cell responses in AAV is limited, our findings are consistent with prior data correlating alleles at linked HLA-DPB1 SNP loci to differential HLA-DPB1/HLA-DP expression and with the association of such expression changes, as well as the HLA-DP GGPM/DEAV variance, with differential outcomes of specific immune challenges (28, 29) . Further investigation is required to define the extent to which the risk haplotype-associated increase in levels of autoreactive T cells reflects the failure to eliminate such cells during thymic selection and/or whether another mechanistic aberrancy may be involved.
Among the non-MHC associations identified, direct causal effects of the PTPN22 risk variant are strongly suggested by previous data linking the associated Lyp variant to aberrant increases in lymphocyte antigen receptor signaling and dendritic cell activation (23) . Direct contribution of the SERPINA1 rs28929474 risk variant to AAV pathogenesis has also been implied in a study that established a role for a 1 -antitrypsin in inhibiting PR3 protease activity and, by extension, PR3-induced inflammatory responses (37) . Similarly, the most strongly associated PRTN3 variant has been found to increase the neutrophil expression of PRTN3, an aberrancy found often in PR3-ANCA-positive patients, and this is correlated with pathogenic neutrophil activation, suggesting that altered PRTN3 expression mediated via this or another tightly linked variant functionally underpins the PRTN3 association with AAV (17, 38) .
Our analyses revealed that the risk associated with the various AAV phenotypes was linked to joint effects of different genes across the HLA class II region. Consistent with a prior study that demonstrated genetic distinctions between PR3-ANCA-positive vasculitis and MPO-ANCA-positive vasculitis (2), we detected peak associations of the HLA-DPB1 and HLA-DPA1 variants with positivity for PR3-ANCAs, whereas in those with MPOANCAs, the HLA-DQA2 and HLA-DQB1 variants showed the strongest associations. Differential effects of these variants also distinguished patients with GPA from those with MPA, suggesting that GPA and PR3-ANCApositive AAV share a composite set of MHC class II risk alleles that is largely distinct from those conferring risk of MPA and MPO-ANCA-positive AAV. Stronger associations at the PRTN3 and SERPINA1 loci appear to distinguish the GPA and PR3-ANCA subsets from their counterpart subgroups. In contrast, effects of the PTPN22 locus on AAV risk seem equivalent across the different subsets, suggesting that the genetic disparities between subgroups do not reflect insufficient statistical power and are important determinants of phenotypic heterogeneity in AAV.
In summary, our study has illuminated MHC and non-MHC gene variants that are strongly associated with AAV and that are differentially associated with key clinical and serologic disease subsets. The identified variants could potentially directly influence the pathogenesis of AAV. The extent to which, and the mechanisms whereby, these variants directly cause disease requires more investigation, and our data do not directly preclude the potential biologic relevance of other alleles in LD with these variants, particularly at the HLA-DPB1 and PRTN3 loci. Whether the sample size constrained our analysis of important subsets (such as patients with IgG-ANCAs versus those with IgAANCAs) or confounded detection of some important associations remains to be determined (39) . Nonetheless, our findings identify a set of risk variants that explain much of the genetic risk of GPA/MPA, that appear to influence the clinical presentation of the disease, and that represent biologically important alleles with high potential to drive the aberrant immune responses contributing to the development of AAV.
